Abstract: Research on dendrimers continues to expand as further advances in synthetic methodology and characterization techniques translate to additional applications. Recently, dendritic polymers composed of the natural metabolites glycerol and succinic acid were synthesized, functionalized, and evaluated as new medical materials. The design and synthesis of poly(glycerol-succinic acid) dendritic polymers are discussed, including comparing and contrasting the convergent vs. the divergent methodologies for preparing such macromolecules. Finally, a photocrosslinkable dendritic macromolecule was prepared and successfully used to close linear corneal lacerations as well as to secure LASIK flaps.
and are of use for gene delivery [25, 26] . The efficiency of dendrimer-DNA complexes transferring genes into cells is actively being examined, and a commercial product is currently sold [27] . As drug delivery systems, dendrimers provide an internal space for encapsulation of therapeutic agents or serve as a pro-drug through chemical attachment. The dendritic interior regions contain "pockets" that are capable of localizing hydrophobic molecules. This phenomenon has been demonstrated by a number of dendritic systems including poly(glycerol-succinic acid) PGLSA dendrimers [28] [29] [30] [31] . The end groups of dendrimers have been covalently functionalized with multiple copies of drug molecules such as methotrexate (MTX) [32, 33] . Dendrimers are also being investigated for use as tissue sealants where conventional suturing or other surgical closure methods are not ideal [34] . Recently, full-thickness corneal lacerations in enucleated eyes have been successfully repaired using photocrosslinkable dendritic macromolecules [35] .
The role of dendrimers in the medical field began at the basic research level, has advanced to such specific material-based applications mentioned above, and has now reached the stage of U.S. Food and Drug Administration (FDA) approved clinical trials. Dendritic Nanotechnologies and Starpharma have been granted authorization for Phase I clinical trials of Vivagel TM , a dendrimer-based anti-HIV/AIDS product [36] . Given the clinical progress and the continued strong research effort in dendrimers, including systems specifically designed with biocompatibility in mind, it is likely that these macromolecules will enhance existing therapeutic practices or provide new lines of patient treatment.
Recently, the Grinstaff laboratory has reported the synthesis and characterization of polyester dendrimers and dendrons composed entirely of glycerol and succinic acid. These dendritic polymers are termed "biodendrimers" since the building blocks are known to be biocompatible or degradable in vivo to natural metabolites. Biodendrimers have been prepared using either a divergent [37, 38] or convergent [39] synthetic methodology. Both methodologies can afford the same final macromolecular structure, or the synthetic routes can be utilized separately to obtain unique, functionalized dendritic polymers. PGLSA dendrimers, dendrons, and their derivatives are well suited for bioengineering and medical applications as a consequence of the composition and resulting physical and chemical properties. To this end, we are investigating these polymers as carriers for anticancer drugs [31] , cell scaffolds [40] , and tissue sealants [35, 41] . This manuscript will address monomer selection, ester linkages, and the specific advantages of each synthetic methodology for the preparation of biodendritic macromolecules. Moreover, we will highlight our recent successful in vitro and in vivo results using a photocrosslinkable derivative to repair corneal lacerations and secure LASIK flaps.
Glycerol and succinic acid, when joined together as shown in Fig. 1 , represent the repeat unit present in PGLSA biodendrimers. Both of these natural compounds are abundant and inexpensive starting materials. Glycerol (1), also known as 1,2,3-propanetriol or glycerin, is the simplest trihydric alcohol and is a clear, viscous, hydroscopic liquid at room temperature (m.p. = 17.8 °C, b.p. = 290.0 °C). It is miscible with water and alcohol while slightly soluble in ether or ethyl acetate. Glycerol is generally regarded as safe (GRAS) by the FDA. Glycerol is used as a general purpose food additive as well as an ingredient in many medicinal and commercial products (e.g., ointments, creams, lotions, toothpastes, and jellies) [42] .
Glycerol occurs naturally in all plant and animal cells as a component of triacylglycerides or phospholipids (Fig. 2) . Triacylglycerides are especially abundant in adipose tissue and are used by cells for energy storage and heat insulation. Triacylglycerides are under hormonally controlled catabolism according to the energy requirements of the cell and can be broken down to glycerol and fatty acid units; the latter is involved in cellular production of adenosine triphosphate (ATP). Additionally, glycerol can be converted to glucose through a series of chemical transformations in the liver [43] .
Succinic acid (2; butanedioic acid) is a four-carbon dicarboxylic acid that is solid at room temperature (m.p. = 187 °C, b.p. = 235 °C). It is soluble in water, alcohol, acetone, and ether. Like glycerol, succinic acid is on the GRAS list and it is used as a flavor enhancer, pH control agent in food products, and as an ingredient in toothpastes [44] . Succinic acid is found in vivo as its dianionic form, succinate, in the mitochondrial matrix of cells that undergo aerobic respiration [43] .
In addition to being biological metabolites, glycerol and succinic acid possess chemical functionality and reactivity differences. The branched structure of glycerol naturally lends itself toward the preparation of a dendritic AB 2 monomer. The reactivity difference between the C1 and C3 primary hydroxyls vs. the central, secondary C2 hydroxyl can be exploited to selectively modify the molecule. For our purposes, the two primary alcohols of glycerol were protected with benzaldehyde to form the acetal, cis-1,3-O-benzylidene glycerol (3) so that the remaining hydroxyl group can be independently functionalized. This reaction is catalyzed by sulfuric acid and the cis isomer of the six-membered ring is isolated preferentially over other by-products [45] . The benzylidene acetal serves as a protecting group that can be removed under mild conditions with hydrogen and a palladium catalyst [46, 47] . Since the more reactive primary alcohols are protected by the benzylidene acetal, the less reactive secondary alcohol can be esterified by a ring opening esterification with succinic anhydride in pyridine. The prod- uct of this reaction, 2-(cis-1,3-O-benzylidene glycerol) succinic acid monoester (9), is the monomer used in the synthesis of PGLSA biodendrimers.
These PGLSA biodendrimers are polyesters. Since ester bonds are hydrolytically unstable, these materials will degrade over time under physiological conditions. Controlling the lifetime of an implanted material is of particular importance in designing a range of biomedical products. Ester hydrolysis proceeds slowly at neutral conditions and is catalyzed enzymatically and by acid or base. Consequently, polyester materials are used as absorbable temporary scaffolds for tissue engineering and drug delivery [48] [49] [50] . If designed properly, these polymeric materials will degrade through hydrolytic scission to monomer units that will be metabolized or excreted on the timescale appropriate for a beneficial medical outcome.
For example, linear poly(lactic acid) (PLA) ( medical research to form sutures, bone fixation plates and screws, and controlled release drug delivery systems [51] [52] [53] . Lactic acid has been copolymerized with monomers such as lysine to produce functionalized polymers for use as tissue engineering scaffolds [54, 55] . The rate of polyester degradation is dependent upon many factors including molecular weight, polydispersity, morphology, size, porosity, polarity, surface area, and degree of crystallinity. Yet, control over these properties and the ability to functionalize linear PLA are limited. Dendritic polyesters offer additional means of manipulating many of these properties with degrees of precision unusual for conventional linear polymers.
The divergent and convergent synthesis of PGLSA dendrimers and dendrons are shown in Scheme 1. The left-hand side of this scheme depicts the divergent methodology and is generally representative of the synthetic route used by our laboratory to prepare biodendrimers. The divergent synthesis begins by coupling two equivalents of cis-1,3-O-benzylidene glycerol (3) to succinic acid using dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)-pyridinium p-toluenesulfonate (DPTS) to produce a protected core, 4. DCC is a dehydrating reagent, and its effectiveness is enhanced by the weakly acidic catalyst, DPTS. The ureal DCU adduct formed as a by-product from this reaction precipitates from the reaction mixture. This precipitation process simplifies the purification of the dendrimers since the by-products are removed by filtration. Compound 4 can be converted into a tetrahydroxy core through simultaneous hydrogenolysis of both acetals under a hydrogen atmosphere in the presence of either Pd/C or Pd(OH) 2 /C. These two steps, DCC coupling followed by hydrogenolysis, occur in high yields and are subsequently repeated to construct larger dendrimers. Details of the experimental reaction conditions can be found in our recent publications [37, 38] .
The divergent synthesis is convenient for large-scale dendrimer synthesis, and reactions can be performed on the decagram scale. Each successive esterification procedure requires an exponential increase in the number of reactions on the dendritic periphery, a consequence that quickly adds mass to the growing dendrimer. The large difference in molecular weight between the dendrimer and reactants allows for easy purification of the desired product, usually by precipitation in cold ether. The esterification and hydrogenolysis reactions of each generation are monitored by 1 H NMR spectroscopy. The coupling reactions change the relative integrated areas of the aromatic, glycerol, and succinic acid peaks, and for the deprotection reactions a disappearance of aromatic protons is observed. Our laboratory has synthesized up to a fifth-generation PGLSA dendrimer by this technique, and the products have been characterized by 1 H NMR, 13 C NMR, size exclusion chromatography (SEC), mass spectrometry (MS), and elemental analysis (EA).
In addition to DCC/DPTS esterification, we have found that the symmetrical anhydride, 14 (Fig. 4) , is a useful reagent for dendrimer synthesis when used in conjunction with dimethylaminopyridine (DMAP) [35, 56] . This anhydride coupling reaction allows for convenient removal of by-products via acidic and basic aqueous washes. Modifications to divergently synthesized dendrimers are possible at two main positions. Either the periphery can be derivatized postsynthetically or different moieties may be initially incorporated at the core. PGLSA biodendrimers terminated with alcohols, carboxylic acids, and crosslinking groups such as methacrylate and monomethallyl esters have been synthesized. A series of dendritic-linear hybrid (ABA tri-block) macromolecules with various molecular weights of poly(ethylene glycol) incorporated into the PGLSA core have also been prepared using this divergent strategy [35] .
The right side of Scheme 1 shows the convergent synthesis of a third-generation PGLSA dendrimer. This synthetic approach enables more intricate engineering and control of the dendritic structure. For example, the convergent synthesis allows precise single point variations at either the surface or interior layers as well as the preparation of block and surface-block dendrimers [14, 57] . The convergent approach gradually links surface units together to form dendrons. Eventually, these dendrons are attached to a multifunctional core to afford a dendrimer. In order to synthesize PGLSA dendrimers convergently, two orthogonal protecting groups are required: one at the periphery and another at the focal point. The carboxyl group of succinic acid was selected as the focal point in order to maintain similar coupling and deprotection reactions (DCC/DPTS esterification; Pd/C catalyzed hydrogenolysis) as developed for the divergent method. Within these constraints, the t-butyldiphenylsilyl ester protecting group was identified as optimal. This protecting group is stable to esterification and hydrogenolysis conditions, while it can be selectively cleaved by tetrabutylammonium fluoride (TBAF) at room temperature.
The convergent synthesis begins by synthesizing the branching unit 11 that is used in subsequent generation growth coupling reactions. Compound 11 is obtained in two steps from 2-(cis-1,3-O-benzylidene glycerol)-succinic acid (9): first, by protecting the carboxyl group with t-butyldiphenylsilyl chloride followed by hydrogenolysis of the benzylidene acetal. The resulting monomer 11 has two primary alcohols available for functionalization and a protected focal point. Next, the second-generation dendron is synthesized by coupling 2 equiv of 9 with 11 using a similar DCC/DPTS esterification procedure as in the divergent approach. The focal point of this dendron is deprotected with TBAF and is then coupled with monomer 11 to form a third-generation dendron. Complete experimental details of the convergent synthesis of a G4 dendron and G3 dendrimer have been recently published [39] .
The overall yields for each step in the divergent and convergent syntheses are compared in Table 1 . In general, the divergent synthesis is advantageous for the preparation of dendrimers on a large scale, while the convergent approach is better suited for the preparation of more intricate dendritic macromolecules. New materials and procedures are highly sought after to repair or regenerate damaged and diseased tissues. The use of degradable, biocompatible polymeric materials as temporary tissue scaffolds or sealants to assist healing are of interest for a variety of disciplines from orthopedics to ophthalmology. In the field of ophthalmology, alternatives to sutures would be highly desirable when repairing certain damaged tissues of the eye. For example, the cornea is the clear, avascular dome-shaped structure in the front of the eye that is responsible for focusing two-thirds of the light rays entering the eye. Because of its location, the cornea is particularly prone to traumatic injury, which usually leads to decreased vision. Current procedures for repairing corneal tissue involve suturing the injury site. This process is associated with several disadvantages including scarring, neovascularization, and wound distortion.
Repairing corneal lacerations and securing laser-assisted in situ keratomileusis (LASIK) flaps are two examples where a photocrosslinkable sealant would offer advantages over sutures. Corneal lacera- tions or perforations are caused by trauma, infection, and inflammation and represent a common ophthalmic emergency with potentially blinding sequelae due to corneal scarring, astigmatism, and lens damage. LASIK is the popular refractive surgical procedure used to correct myopia (near-sightedness) and astigmatism. In this procedure, a thin, hinged corneal flap is created by a microkeratome blade and then moved aside to allow an eximer laser beam to ablate the corneal stromal tissue with extreme precision. Afterwards, the flap is then repositioned and allowed to self-seal. However, this flap can become dislocated prior to healing, resulting in flap striae (folds) and severe visual loss. When this complication occurs, treatment involves prompt replacement of the flap and, not infrequently, flap suturing. Today, sutures are used to repair both corneal wounds and to secure LASIK flaps. In both of these cases, the pattern and extent of injury will determine if multiple sutures are needed to restore the structural integrity of the cornea. The process of suturing causes additional trauma to the corneal tissue and increases the risk of infection, inflammation, and vascularization. Also, sutures require postoperative removal, add the risk of becoming loose or breaking, and commonly induce astigmatism.
A degradable, photocurable biodendrimer sealant was prepared by reacting the ([G1]-PGLSA-OH) 2 -PEG 3400 dendritic-linear polymer [35] with methacrylic anhydride to afford the methacrylated derivative. The resulting polymer can be subsequently photocrosslinked to form a hydrogel using visible light in conjunction with a photo initiating system [e.g., eosin Y (EY), triethanolamine (TEA), N-vinyl pyrrolidinone (VP)]. This system is capable of closing a wound or filling a defect. The first experiments using this novel sealant were performed on enucleated eyes to determine the strength of the secured wound. The PGLSA dendritic derivative allows for control over the rate of polymerization via irradiation time and, as a consequence, the rate of wound closure. In this corneal laceration study, a fullthickness 4.1-mm linear incision was made in the central cornea of 36 enucleated eyes. Twenty-seven of these eyes were repaired with the methacrylated biodendrimer adhesive, and nine were repaired using 10-0 monofilament nylon sutures. Prior to repair, all wounds were confirmed to be Seidel-positive (signifying a leak of aqueous fluid from the anterior chamber through the operative wound), indicating the wound cannot close by itself.
The biodendrimer adhesive (10 µl, ([G1]-PGLSA-MA) 2 -PEG 3400 , 30 % w/v aqueous solution) was applied to a 4.1-mm linear laceration in 27 eyes using a 30 gauge needle attached to a 1-cc syringe [58] . The adhesive was applied to the inner borders of the laceration as well as to the surface of the corneal laceration. Next, an argon ion laser (200 mW; 1 s pulse duration) was used to polymerize the biodendrimer and form a clear crosslinked gel that subsequently closed the wound. In contrast, the nine control eyes were closed using interrupted 10-0 nylon sutures.
A cardiac transducer was used to monitor the intraocular pressure (IOP) of all repaired eyes as reported in similar experiments described in the literature [59] . After the wound was secured with the biodendritic sealant or suture, a saline solution was slowly injected into the eye via a syringe pump while the IOP was measured by a transducer. The IOP was recorded when leaking from the wound was observed. The mean leakage pressure for the wounds receiving sutures was 78.7 mm Hg (standard deviation of 27.8 mm Hg). The minimum and maximum values were 20 mm Hg and 117 mm Hg, respectively. The mean leakage pressure for the wounds treated with dendrimer sealant was 109.6 mm Hg (standard deviation of 82.7 mm Hg). The minimum and maximum values were 16 mm Hg and 360 mm Hg, respectively. An IOP of 34 mm Hg is an approximate physiological upper-limit that occurs under stressful functions such as coughing, valsalva maneuver, or exercising. Importantly, the biodendrimer sealant was able to secure the wound under physiologically relevant IOP.
Additional corneal laceration studies were conducted in vivo on 28 white leghorn chicken eyes. A 4-mm full-thickness wound was created in the right eye of each animal. Fourteen chicken corneas were repaired with the corneal sealant (Fig. 5A) , and 14 were repaired with 10-0 monofilament nylon (Fig. 5B) . All wounds were confirmed to be Seidel-positive. Chickens were sacrificed on postoperative days one, three, and seven. The photocrosslinkable dendrimer sealant successfully sealed 100 % of the lacerations. All wounds sealed with the biodendrimer and nylon sutures were Seidel-negative after postoperative day one. However, the wounds receiving the polymer sealant appeared to have less corneal hazing and scarring compared to the suture group. More significantly, histological sections at day seven showed that the wounds receiving the biodendrimer sealant were histologically superior, possessing more uniform corneal structure than the suture-treated wounds. Additional animal studies are ongoing to follow the time-course of healing out to four weeks.
For the LASIK flap study, hinged corneal flaps were created using the Hansatome microkeratome system on four human donor eyebank eyes (Fig. 6A) . Flap adherence was initially tested with dry Merocel sponges and tying forceps. This test showed that the corneal flaps were easily moveable with minimal force. The ([G1]-PGLSA-MA) 2 -PEG 3400 biodendrimer tissue adhesive was then applied to the entire flap edge and polymerized with an argon laser beam. Flap adherence was retested after the dendrimer sealant was placed and crosslinked (Fig. 6B) . The results confirmed that flap position was maintained despite considerable force placed on the flap. In addition, the crosslinked dendritic adhesive remained intact with no visible evidence of flap dehiscence. Although these tests are qualitative in nature, the strength and effectiveness of the biodendrimer adhesive in securing flap position and adherence was demonstrated. Overall, the ease of application of the dendrimer sealant and control in repairing the wounds suggests that these materials may prove to be superior to conventional suture treatments for a number of ophthalmic surgeries.
The recent success with dendritic polymers to seal corneal wounds has further motivated our research effort to design, synthesize, and evaluate polymers with specific properties (e.g., chemical, physical, optical, mechanical, and biological) for medical applications. Such chemically tailored macromolecules are likely to be of interest for drug delivery, gene transfection, and cartilage tissue engineering. Additionally, the versatility of the divergent and convergent synthetic methodologies de- veloped allows for the preparation of a host of dendritic polymers and biomaterials. Finally, this interdisciplinary effort has afforded new synthetic routes and dendritic macromolecules while simultaneously addressing a clinically relevant problem with a novel solution.
